Objectives It is widely thought that correlations between screening markers will tend to degrade screening performance. We performed a computer simulation study to investigate the quantitative effect of correlations between two markers on screening performance, using prenatal screening for Down's syndrome as an example, although the results apply generally. Methods Monte Carlo simulation was used to generate values of two hypothetical markers, A and B, in 1000 affected and 1000 unaffected pregnancies. The means, standard deviations and correlations of A and B were varied in five different examples.
INTRODUCTION

I
n screening using two or more markers, it is generally thought that markers that are correlated will have a reduced screening performance compared with markers that are independent. If two screening markers are completely independent among affected and unaffected individuals considered separately, then screening performance (the detection rate for a given false-positive rate or the false-positive rate for a given detection rate) using both markers together will always be greater than using either marker alone. If two screening markers are completely dependent, then the screening performance using both markers together will be identical to the screening performance when either measurement is used alone, because no new information is gained. Complete independence means there is no correlation (the correlation coefficient [r] ¼ 0) between the two markers among affected and unaffected individuals considered separately, and complete dependence means there is perfect positive (r ¼ þ 1) or negative (r ¼ À1) correlation in each group of individuals. Therefore, it appears that as the magnitude of the correlation coefficient increases between two markers, the detection rates for a given false-positive rate should decrease. This, however, is not always the case, as has been pointed out by Wright and Bradbury. 1 They stated that using correlated markers could improve screening performance compared with the performance of two independent markers. We here seek to explore the circumstances in which correlations between markers would increase screening performance using examples to illustrate our results. We use antenatal screening for Down's syndrome (in which multiple marker screening is now routine) as our example, but the results are of potential application in screening for other disorders in which several markers could be used, provided each marker individually is sufficiently discriminatory. 2 
METHODS
We consider two hypothetical screening markers, A and B. A and B are assumed to have a log bivariate Gaussian distribution in affected and unaffected pregnancies and their values are expressed in terms of log 10 MoMs (multiples of the median). This means that each marker's value is divided by that marker's median value in unaffected pregnancies, so that the mean of A or B in unaffected pregnancies is 1 which expressed as a logarithm is 0.
We estimated screening performance using these bivariate Gaussian distributions with varying correlation coefficients between A and B. The correlation coefficients (r's) in our examples were assumed to be the same in affected and unaffected pregnancies and took the values of À0.9 (strongly inversely correlated), À0.45, 0 (not correlated), þ 0.45 and þ 0.9 (strongly positively correlated). We did this in each of five examples; in each example, the mean of marker A was higher (0.2 MoMs) in affected than in unaffected pregnancies, but the mean varied for marker B in affected pregnancies:
Example 1: The mean value of B is higher in affected than in unaffected pregnancies (as for A). Example 2: The mean value of B is lower in affected than in unaffected pregnancies. Example 3: The mean value of B in affected is the same as the mean in unaffected pregnancies (so B no longer discriminates). Example 4: The mean value of B is higher in affected than in unaffected pregnancies, but not as high as A. Example 5: The mean value of B is higher in affected than in unaffected pregnancies (as in example 1) but its standard deviation is greater. Table 1 specifies the distribution parameters in these five examples for markers A and B and the corresponding detection rates for a 5% false-positive rate for each marker used alone. In each example, screening performance was estimated using Monte Carlo simulation based on 1000 hypothetical affected and 1000 unaffected pregnancies. The 95th centile contours of markers A and B were plotted for the affected and unaffected pregnancies. The 95th centile contour is the circle or ellipse with a perimeter that excludes the 5% of pairs of values that deviate most from the overall pattern of results. Figure 1 shows the 95th centile contour of the joint distribution of the values of markers A and B in a smaller sample of 500 simulated unaffected pregnancies, using the distribution parameters in example 1 ( Table 1) . In this figure, the two markers A and B are completely independent, so the contour is a perfect circle; if they were not completely independent, the contour would be an ellipse. The circle is centred on (0,0), the means of markers A and B in unaffected pregnancies. In this figure, there are 500 pairs of values, and the circle encloses 475, with 25 falling outside the perimeter of the circle. A derivation of such centile contour plots is given in the statistical appendix.
The 95th centile contour of the joint distribution of the values of markers A and B can also be considered as a contour on the three-dimensional (3D) plot of the probability density function. In example 1, A and B are independent and, therefore, the 3D plot of the probability density function would be a bell shaped surface, which if cut on a plane parallel to the xy plane (i.e. a horizontal slice) would be a perfect circle, and if it excluded the 5% of most extreme values would be the 95th centile contour. The 3D plot is given in Figure 2a . If A and B were highly correlated, the 3D plot of the probability density function would again be a bell shaped surface, but it would be flattened (that is more of a ridge), so that if it were cut on a plane parallel to the xy plane an ellipse would result. This is illustrated in Figure 2b . Figure 3 illustrates the two 95th centile contour plots, one for affected pregnancies and one for unaffected pregnancies, again using the distribution parameters in Table 1 , with the two markers being independent within affected and unaffected pregnancies. The 95th centile contour for affected pregnancies lies above and to the right of that for unaffected pregnancies as it is centred at (0.2 MoM, 0.2 MoM) (the means of markers A and B in affected pregnancies).
Likelihood ratios were calculated in each of these five examples for the 2000 pairs of simulated values (affected and unaffected). In Figure 3 , the corresponding distributions of the likelihood ratios were plotted for affected and unaffected pregnancies. The likelihood ratios are used to calculate the detection rates for 5% false-positive rates by Table1 Distribution parameters of markers A and B (log 10 MoM) in the five specified examples and the corresponding detection rates for a 5% false-positive rate Table 1 ). The degree of overlap of the 95th centile contour plots indicates the screening performance of the test. If the two contours (affected and unaffected) overlap considerably, screening performance is poor; if they overlap to a small extent, screening performance is good. Figure 4a shows that when two markers have identical screening performance and their means are both higher in affected than unaffected pregnancies, the extent of overlap between the two distributions is high when A and B are more positively correlated, but decreases as they become more negatively correlated; the discrimination decreases as r tends towards þ 1 and increases as r tends towards -1. Figure 4b shows the corresponding relative frequency distributions of the likelihood ratios. This also illustrates that the extent of overlap between the two distributions increases as A and B become more positively correlated and decreases as they become more negatively correlated. Figure 4c shows the detection rate for a 5% false-positive rate; with complete independence this is 40%, decreasing to 26% (the values for either marker alone) as the r value tends towards þ 1 and increasing towards 100% as the r value tends towards À1. The detection rate of 40%, when the two markers are independent, can be calculated using the method described by Wald et al. 2 for combining independent screening tests. Figure 5 shows in the same way how, if two markers again have identical screening performance, but the mean of marker B is lower in affected than unaffected pregnancies and the mean of marker A is higher in affected than unaffected pregnancies, the opposite pattern of results emerges so that Figure 5 is the mirror image of Figure 4 . Figure 6 shows that when one marker (here marker B) is completely non-discriminatory, all values of the correlation coefficient between the two markers, whether positive or negative, tend to increase screening performance. This can be seen visually in Figure 6a by observing that the relative area of overlap (lightly shaded to illustrate the point) in the contour plots diminishes as the size of the correlation coefficient increases. In this example, the absence of correlation (r ¼ 0) yields a screening performance of 26% for a 5% false-positive rate rising symmetrically to 74% for r values of À0.9 and þ 0.9. Figure 4 that relate to example 2 specified in the text (markers A and B have the same screening performance but marker B has a lower mean in affected than in unaffected pregnancies, whereas marker A has a higher mean in affected than in unaffected pregnancies) Figure 7 shows that when marker B is discriminatory (but less so than marker A) and both have higher means in affected than unaffected pregnancies, the minimum detection rate occurs when r is about þ 0.4. Both large negative and positive values of the correlation coefficient have higher detection rates. Figure 8 shows that when marker B has a different standard deviation in affected compared with unaffected pregnancies and both markers have higher means in affected than unaffected pregnancies, the minimum detection rate occurs when r is about þ 0.45. Although the 95th centile contour plots and likelihood ratios look very different, the pattern of change of detection rates with different correlation coefficients is similar to those in Figure 7 , with a minimum detection rate occurring when the correlation coefficient is positive. The pattern is similar because, again, one marker is less discriminatory than the other and both have higher means in affected than unaffected pregnancies. In Figure 8b , the distributions of the likelihood ratios are no longer Gaussian on a log scale because the standard deviation for marker B is different in affected and unaffected pregnancies. This issue has been described in an earlier publication (see Figure 5 in Morris and Wald 3 ).
DISCUSSION
We here show how correlations between screening markers used in combination can either decrease or increase screening performance. The size of the correlation coefficient changes the shape of the centile contour plots, which in turn alters the extent of overlap between the distributions of values of affected and unaffected pregnancies. The greater the extent of overlap the poorer the screening performance and vice versa. In our first two examples, the two screening markers A and B each individually have the same screening performance. In such circumstances, the screening performance of A and B together decreases as A and B become more positively correlated with each other, but increases as A and B become more negatively correlated if A and B are on average both higher in affected than unaffected pregnancies. If A is on average higher in affected than unaffected pregnancies and B is lower in affected than unaffected pregnancies, the opposite pattern is observed; increasing screening performance as A and B become more positively correlated and decreasing screening performance as they become more negatively correlated. An example of this occurs in Down's syndrome screening if the serum marker pregnancy-associated plasma protein-A is measured in both trimesters, it is lower in the first and higher in the second in affected pregnancies compared with unaffected pregnancies and has a strong positive correlation (r ¼ 0.86) in affected pregnancies.
In our last two examples (Figures 7 and 8 The curve describing the detection rate for a given falsepositive rate takes the form of a sloping letter J. It is a combination of the patterns shown in Figures 4 and 6 . For two markers with non-identical screening performance, the minimum detection rate will occur when r is positive if both markers have higher means in affected than unaffected pregnancies, whereas the minimum will occur when r is negative if one marker has a higher mean in affected than unaffected pregnancies and the other marker a lower mean in affected than unaffected pregnancies. The minimum will occur when r ¼ 0 only when one marker has the same mean in affected and unaffected pregnancies (that is, the marker is non-discriminatory, see Figure 6 ).
In practice, screening markers judged to be worthwhile tend to have approximately similar screening performances. Few markers are likely to be used with a screening performance less than about 30% for a 5% false-positive rate and few markers have a screening performance greater than about 65% for a 5% false-positive rate. In general, most markers are reasonably, if not completely, independent of each other so that the r values are likely to lie between À0.45 and þ 0.45, where the detection rate for a given false-positive rate does not change greatly (the plot of the detection rate for a 5% false-positive rate in the figures is reasonably flat).
Example 3 (see Figure 6) shows that the inclusion of a non-discriminatory screening marker can be advantageous if it is sufficiently correlated with a discriminatory screening marker. A practical example may help explain this. The weight of a woman is correlated with all the serum markers used in screening for Down's syndrome, but it is not associated with Down's syndrome pregnancies. Including weight as a screening marker in the statistical model, even though it is not discriminatory will improve screening performance. It achieves this by reducing a source of extraneous variation. In practice, a woman's weight is adjusted for in the calculation of the MoM values of the markers, which accomplishes the objective in a different way. Using highly correlated markers in screening can be problematical, because multiple markers that are highly correlated with each other can cause instability in the mathematical estimation of the risk of having a pregnancy with Down's syndrome. The instability arises from the statistical model used to compute risk becoming very sensitive to imprecision in the estimates of the underlying distribution parameters (means, standard deviations and r values) of the screening markers. 4 The instability due to multiple markers being highly correlated is not considered further here. Research on this is in progress to determine when correlations between markers are too high to permit using certain combinations of markers. At present, it is safer to rely on markers that are individually discriminatory and are reasonably independent of each other. The 95th centile contour is specified by the expression being equal to 5.99 and solving for X (that is for a and b). For the nth centile, the expression is equal to the w 2 2 value corresponding to the nth centile. Figure 8 Three sets of plots similar to those in Figure 4 that relate to example 5 specified in the text (both markers A and B have higher means in affected than in unaffected pregnancies, but the standard deviation of marker B is greater in affected pregnancies)
